Introduction

The discovery of new drugs has evolved from a random process of screening natural products to a suite of sophisticated procedures that include components from computational and structural chemistry. The availability of high-resolution data on enzymes involved in critical metabolic pathways has triggered the development of techniques utilizing such data in the quest for novel compounds of therapeutical relevance. Using this information, computer-based approaches help identify or design ligands that possess good steric and chemical complementarity to various sites in the macromolecular target. This process is often referred to as``structure-based design''
.
The many different algorithms for structure-based design can be divided into roughly two classes: de novo design, which builds ligands tailored to ®t the target, and docking, which searches for existing compounds with good complementarity to the target. In both these paradigms, the enzyme or receptor has traditionally been treated as a rigid body and only one conformation of the enzyme is con- (Lewis, 1992) and Miranker (Miranker & Karplus, 1995) and the program LUDI (Bo È hm, 1992a,b) ; examples of molecular docking include the works of Kuntz et al. (1982) , Nussinov et al. (Lin, 1994; Norel et al., 1994) , and Bacon & Moult (1992) . ) While increasing attention is being paid to exploring the conformational space of putative ligands in molecular docking (Leach & Kuntz, 1992; Mizutani et al., 1994; Clark & Ajay, 1995; Judson et al., 1995; Oshiro et al., 1995; Welch et al., 1996; Rarey et al., 1996) , relatively little effort has been expended on the conformational state of the receptor (Leach, 1994; Jones et al., 1995) . Obviously, using a single protein conformation ignores important dynamic aspects of protein ±ligand binding. In particular,`i nduced ®t'' effects (Koshland, 1958; Jorgensen, 1991) (see, for example, Kollman, 1994) . Thermodynamic quantities must, however, be extracted from appropriately weighted ensembles of a system and adequate sampling of such con®gurations is computationally demanding (McCammon & Harvey, 1987; Kollman, 1994 On the other hand, the result of a structure determination by means of high-resolution NMR spectroscopy is usually not a single structure, but rather an ensemble of structures, all nominally equally in agreement with nuclear Overhauser effect and J-coupling data (Wu È thrich, 1986) . Although it is possible to calculate an energy-minimized average structure, an ensemble or a subset of conformers may provide a more accurate representation of the protein structure (Sutcliffe, 1993; Bonvin & Bru È nger, 1995 (Kuntz et al., 1982; Meng et al., 1992) ing (Milburn et al., 1992 (Rutenber et al., 1993) . Table 2 ). In the experimental structure, steric clashes are present between the inhibitor and the enzyme, yielding a force ®eld score of 140 kcal/mol. Docking and simplex minimization of the ligand to the native enzyme structure yields a more favorable energy value (see Table 2 ) 
sidered. (Examples of de novo design include Lewis
The energies obtained with individual grids compare reasonably well with those obtained with the composite grids although the scores obtained with the energy-weighted grid are not as favorable. An exception is pepstatin, which scores much better when docked using the ensemble-based grids instead of to its own (5hvp) structure (see
. The ensemble-based grid abolishes the steric hindrance between enzyme and inhibitor, allowing the inhibitor to improve its interaction energy with the enzyme. For the energy-weighted average, a grid spacing of 0.2 to 0.25 A Ê was found to give results closer to those of the individual grids (data not shown).
The standard deviation threshold above which 65 receptor atoms were treated as¯exible was 0. (Kraulis et al., 1994) (Milburn et al., 1990) .
To assist in comparing the two composite grid methods, the volumes available for favorable hydrophobic and polar interactions have been evaluated for the above two test cases in Table 4 . Carbon and nitrogen probe atoms were used to determine favorable volumes for hydrophobic and polar groups, respectively.
Uteroglobin test case
The solution structure of reduced uteroglobin was solved with a polychlorobiphenyl (PCB) metabolite bound to the protein (Ha È rd et al., 1995 Dunkel et al. (1995) 
Retinol binding protein test case
A total of ®ve crystal complexes of bovine retinol binding with retinol derivatives (see Figure 3) was used for ensemble-based docking. Of the ®ve corresponding ligands, fenretinide especially is observed to induce changes in the side-chain conformations of Leu35 and Leu63 (Zanotti et al., 1994) . As is shown in Figure 5 for the HIV protease case and in Figure 6 for 
Methods
This section is divided into three parts: (1) a description of the computational procedures; (2) a description of the test systems used in this work; and (3) the parameters used.
Computational procedures
The starting point of all our calculations is a set of protein ± ligand complexes, determined either by X-ray crystallography (HIV protease, retinol binding protein) or by NMR (ras p21, uteroglobin) . The general docking procedure that we have used is implemented in the programs SPHGEN and DOCK 3.5, which have been described (Kuntz et al., 1982; Meng et al., 1992 Meng et al., , 1993 Shoichet et al., 1992) (Weiner et al., 1984 (Weiner et al., , 1986 
Standard DOCK interaction energy
The DOCK grid-based interaction energy, E, of the ligand with a receptor, is given by (Meng et al., 1992) : (Meng et al., 1992) .
In (Meng et al., 1992) (Meng et al., 1992) was sometimes observed to produce spurious results during simplex minimization of docked ligands (Yamazaki et al., 1995) Swain et al., 1990), 9hvp (the complex with A74704 at 2.8 A Ê resolution; Erickson et al., 1990) (Meng et al., 1992) (Weiner et al., 1984) , while for the ligands all atom parameters were applied (Weiner et al., 1986) .
In the case of the energy-weighted averaging, grids were constructed as described in the previous section. The AMBER united atom parameter set was used (Weiner et al., 1984) (Shoichet et al., 1992 was done using either 500 or 100 as the maximum number of iterations in the case of single ligand or database docking runs, while the convergence criterion was set to 0.2 or 5 kcal/mol, respectively.
